Abstract: Urban stormwater runoff is a critical source of degradation to stream ecosystems globally. Despite broad appreciation by stream ecologists of negative effects of stormwater runoff, stormwater management objectives still typically center on flood and pollution mitigation without an explicit focus on altered hydrology. Resulting management approaches are unlikely to protect the ecological structure and function of streams adequately. We present critical elements of stormwater management necessary for protecting stream ecosystems through 5 principles intended to be broadly applicable to all urban landscapes that drain to a receiving stream: 1) the ecosystems to be protected and a target ecological state should be explicitly identified; 2) the postdevelopment balance of evapotranspiration, stream flow, and infiltration should mimic the predevelopment balance, which typically requires keeping significant runoff volume from reaching the stream; 3) stormwater control measures (SCMs) should deliver flow regimes that mimic the predevelopment regime in quality and quantity; 4) SCMs should have capacity to store rain events for all storms that would not have produced widespread surface runoff in a predevelopment state, thereby avoiding increased frequency of disturbance to biota; and 5) SCMs should be applied to all impervious surfaces in the catchment of the target stream. These principles present a range of technical and social challenges. Existing infrastructural, institutional, or governance contexts often prevent application of the principles to the degree necessary to achieve effective protection or restoration, but significant potential exists for multiple co-benefits from SCM technologies (e.g., water supply and climate-change adaptation) that may remove barriers to implementation. Our set of ideal principles for stream protection is intended as a guide for innovators who seek to develop new approaches to stormwater management rather than accept seemingly insurmountable historical constraints, which guarantee future, ongoing degradation.
Urban water management in many cities is evolving from a sole focus on primary services that ensure public health (through provision of water, disposal of wastewater, and flood mitigation) toward a more integrated use of urban water flows. Integrated water management (of water supply, wastewater, and stormwater) serves to meet multiple objectives, such as social amenity, protection of receiving waters, reduced consumption of external water and other resources, and improved urban microclimate (Brown et al. 2009b) . The management of urban drainage is central to achieving this broader range of sustainability objectives, and the evolution of urban drainage management in cities around the world has resulted in a divergence of terminology and management approaches for reducing the negative environmental effects of urban drainage (Fletcher et al. 2015) .
The earliest attempts to recast urban drainage management for environmental protection included a focus on the protection of the ecological and physical integrity of streams, either explicitly (Schueler 1987 , King County 1990 , Whelans et al. 1994 , Prince George's County Maryland Department of Environmental Resources 1999) or implicitly, through pollution abatement objectives (Martin et al. 2000) . In the 1990s and 2000s, however, stormwater management for environmental protection tacitly became less explicit in describing the ecosystems to be protected or restored. (We primarily refer to protection in this paper, but our arguments also apply to requirements for restoration.) The lack of focus on streams as receiving waters to be protected has resulted in many instances of replacement of stream ecosystems by constructed stormwater wetlands (e.g., Taylor et al. 2005) or re-engineering of streams as stormwater treatment measures themselves to meet narrow management objectives, such as the reduction of N export to coastal waters. Following such modification these streams have little functional resemblance to their former state (Palmer et al. 2014 ).
Typically, minor or no improvement in ecological indicators has been observed downstream following implementation of such stormwater control measures (SCMs). In some instances, insufficient implementation across catchments or variability in design and effectiveness of SCMs may be to blame (Horner et al. 2001, May and Horner 2002) . Elsewhere, limited and sometimes contradictory effects of SCMs have been reported. Greenway (2010) found an increase in macroinvertebrate species richness downstream of 2 stormwater treatment wetlands constructed on the stream channel. In contrast, Walsh (2004) noted shifts in macroinvertebrate assemblage composition downstream of on-line stormwater treatment wetlands, which suggested that stormwater wetlands were nutrient sources rather than sinks during dry weather. The scant evidence for the efficacy of SCMs in protecting stream ecosystems suggests a need to re-evaluate SCM design objectives for stream protection.
More recently, authors of low-impact design manuals and stormwater regulations (e.g., Perrin et al. 2009 , Toronto and Region Conservation Authority and Credit Valley Conservation Authority 2010, California Central Coast Regional Water Quality Control Board 2013) have reestablished the original intent of low-impact design to protect stream ecosystems through replication of pre-urban hydrologic processes, with an emphasis on replicating the volume balance of runoff, infiltration, and evapotranspiration in urban catchments. The primary focus of such objectives is hydrologic, but control of water quality is implicit because of the dominant contribution of subsurface flows in most nonurban catchments (e.g., Tanaka et al. 1988) . Such subsurface flows tend to be of high quality because of filtration and assimilation by soils, subsoils, and aquifers (Jarvis 2007) .
In proposing design objectives for stream protection, Perrin et al. (2009; p. 2-1) posited that "if the predevelopment volumes of runoff are mimicked, then other water quantity goals such as stream stability outflows and 1-year, 24-hour storm peak mitigation are assumed to be met". By this reasoning, reducing flow volumes (i.e., preventing water from reaching streams) to approach those of the predevelopment state is likely to be a prerequisite to achieving the flow and water-quality regimes required for stream protection and restoration.
However, current design standards for SCMs generally fail to protect streams , in part, because stormwater management approaches traditionally have not been focused on restoring or maintaining the hydrologic balance. In fact, strategies for mitigating urban runoff vary across countries, regions, cities, and municipalities as a result of differences in political context, physiography, and existing infrastructure (Booth et al. 2016 , Hale et al. 2016 , Parr et al. 2016 . For instance, in regions and cities situated on coastal embayments with potential for eutrophication, reducing pollution loads to bays is a primary management objective (Victoria Stormwater Committee 1999 , National Research Council 2009 . In older cities with combined sewerage systems the focus is on flood and pollution mitigation to limit the environmental and human health problems associated with combined sewer overflows (Woods-Ballard et al. 2007) . Despite this diversity of objectives, the increasing recognition that protection of stream ecosystems requires different stormwater management approaches suggests a clear need for stream ecologists, working with hydrologists, geomorphologists, and engineers, to better inform the design of SCMs. Such an interdisciplinary approach is necessary to identify the critical stressors to stream ecosystems delivered by urban stormwater runoff that need to be redressed.
The goal of our paper is to articulate 5 critical principles of stormwater control that are necessary for protection of stream ecosystems in urban landscapes. We identified the 5 principles collectively during the 2014 Symposium on Urbanization and Stream Ecology and in subsequent discussions, and they are based on the literature and our collective experiences from around the globe. Our primary focus is on the principles underpinning the management of stormwater runoff, but we acknowledge the importance of limiting the generation of stormwater runoff by minimizing the creation of impervious areas wherever possible.
The principles outlined are intentionally idealisticour hope is that by articulating the hydrologic goals necessary to protect and restore streams fully, we also offer insights into situations where ecosystems cannot be fully restored. After describing the principles we explore their application in contrasting contexts around the globe. These examples highlight technical and sociopolitical challenges given physiographic and institutional differences among cities. Thus, these principles may be difficult to accomplish fully in many existing urban settings without institutional change. In the final section, we describe co-benefits that could be provided by adopting the technologies. These cobenefits may provide the critical motivation for changes in institutions and governance structures that are needed to protect streams effectively.
THE PRINCIPLES
The overarching hypothesis guiding the principles is that ecologically successful protection of stream ecosystems in urbanizing catchments, or restoration of stream ecosystems that are already degraded by urban stormwater runoff, requires catchment-scale management of stormwater drainage to replicate predevelopment hydrologic processes (Table 1) . Such an outcome might seem difficult to achieve and examples of ecologically successful restoration of urban streams do not yet exist, but prevention of degradation by negative effects of stormwater has been demonstrated . We draw from such examples to propose principles that require testing in restoration contexts.
Two of the principles (3 and 4) directly address the manifold stressors to stream ecosystems resulting from urban stormwater runoff. The other 3 principles set out practical steps that are required to apply the core principles adequately to achieve stream protection.
In many urban areas, the immediate receiving water is a large river, or a lentic or marine environment, typically with a large buffering capacity that makes longer-term loads of pollutants more important than alterations to flow regime. In contrast, small-to medium-sized stream ecosystems are strongly influenced by the flow regime as a primary driver of the ecological structure and function (Poff et al. 1997): shorter-term changes in water and pollutant delivery from the catchment are likely to have a greater effect on such ecosystems. Therefore, protecting stream ecosystems requires objectives for stormwater control different from those that might be suitable for large rivers and lentic and marine environments. We restrict our principles to consideration of objectives for protection or restoration of stream ecosystems but note that the following objectives for volume reduction and replication of predevelopment flow and water-quality regimes also are likely to protect larger downstream waters adequately.
Principle 1. The stream ecosystems to be protected or restored should be identified, and a target for their ecological state should be set Our definition of urban stormwater management for stream protection assumes that stormwater is managed with the aim of maintaining the ecological structure and function of receiving streams in a functioning, dynamic state similar to a defined reference condition or 'guiding image'. This definition follows the guidance of Palmer et al. (2005; p. 210 ) that restoration projects should move river ecosystems "to the least degraded and most ecologically dynamic state possible, given the regional context". In protecting stream ecosystems from the effects of urban stormwater runoff, an appropriate target could be the condition of the stream before the urban development of its catchment or of analogous rural streams in the same region. We are not suggesting that all streams must be restored to such a level (that is a decision left for managers; Smith et al. 2016 ), but if attempting to restore streams, the stream scale and ecological target should be identified first.
The point at which a stream begins is a vexed question (Doyle and Bernhardt 2011 ) that potentially makes identification of the smallest streams requiring protection a challenge. By virtue of the increased interaction between water and sediments in small streams and their abundance in nonurban landscapes, they are recognized as hotspots for retention and transformation of contaminants (McClain et al. 2003 ) and, therefore, should be protected. However, many small streams in cities are commonly buried and converted to stormwater drains (Graf 1977 , Meyer and Wallace 2001 , Elmore and Kaushal 2008 . These hydraulically efficient, modified drainage courses are a primary driver of stream degradation (Walsh et al. 2005) . Smaller flow paths with accumulation areas often too small to initiate channel formation are even more common in the landscape than are small streams and, thus, are more frequently converted into stormwater pipes.
In existing urban areas, where such a transformation has already occurred, SCMs should be designed to prevent stormwater from flowing into these pipes except in rare large storm events that present a risk of urban flooding. However, even small streams and unchannelled flow paths should be recognized as ecosystems worth protecting in and of themselves at the first stages of planning new urban areas. Ideally, they should be reserved as linear green spaces that could retain their retentive function while providing valuable open space. Such ideas are consistent with early conceptions of low-impact design that have been expressed in a few small-scale developments (Karvonen 2011 ).
An important corollary of this principle is that stream protection requires SCMs to intercept runoff before it enters the stream rather than allowing water to flow into the stream and then further altering the stream ecosystem by constructing an in-stream treatment system. Such interception necessitates the location of SCMs near sources (e.g., intercepting road or roof runoff) or on flow paths upstream of where they first discharge to defined channels.
The importance of sediment-water interactions in the ecological function and structure of streams also points to the need to consider the riparian zone and floodplain of streams as an integral part of the stream ecosystem to be protected (Vietz et al. 2012) . These areas are part of the dynamic flow regime of streams and are critical for ecological functions, such as organic matter inputs and retention, nutrient cycling, and temperature modification (e.g., Pusey and Arthington 2003, Jackson et al. 2014) . The hydrologic isolation of riparian ecosystems that commonly results from incision of urbanized streams (Groffman et al. 2003 ) is likely to constrain ecological restoration even if the catchment-scale hydrologic effects of stormwater runoff can be mitigated adequately because the interaction between channel and floodplain will be reduced.
Principle 2. The postdevelopment water balance should mimic the predevelopment water balance. Specifically, the volumes of runoff and infiltrated water from an impervious area with SCMs should be similar to those of the predevelopment state. This requires that the volume of water lost (such as via sanitary sewers or evapotranspiration) approximate the volume of water that would have been lost through evapotranspiration in the predevelopment state A primary determinant of successful protection is the receiving stream's flow regime and most fundamentally its streamflow coefficient: the proportion of catchment rainfall that, on average, becomes stream flow. The proportion of rainfall that is lost to the air through evapotranspiration or to deep seepage is the complement of the streamflow coefficient. In their global analysis, Zhang et al. (2001) assumed that net long-term losses to deep seepage are typically small, and they estimated evapotranspiration to be the functional complement of stream flow. (In referring to lost water in this paper, we mean water that does not become stream flow.) They found that mean annual evapotranspiration loss from undeveloped catchments of the world typically ranged from 40 to 60% of rainfall in wet regions (depending on the extent of catchment forest cover) to almost 100% in arid regions.
In contrast, the evaporation losses from impervious surfaces are much smaller and less variable, ranging from <10% in wet regions to ∼25% in warm arid areas . Where loss of forest accompanies urbanization, reductions in evapotranspiration from remaining pervious areas may explain an increase in perennial flow (Roy et al. 2009 ). Thus, in urban areas, a primary challenge in achieving a predevelopment flow regime is losing the additional runoff from impervious surfaces (and possibly increased subsurface flows from pervious areas) that would not have reached the stream in its predevelopment state.
North American stormwater managers commonly estimate that a large proportion of rainfall is 'lost' to deep seepage (e.g., Perrin et al. 2009) , with the effect that infiltrated water also is assumed to be lost from the study catchment's overall water balance. However, the hydrology and ecological function of the receiving aquifer should be considered before infiltrating or injecting urban stormwater runoff into it. The increased runoff volume from impervious surfaces means that stormwater infiltration systems may increase flows into unconfined aquifers, with potential negative effects on downstream waters (Roy and Bickerton 2012) . If the receiving aquifer is depleted (e.g., by abstractions), then addition of urban stormwater could aid its recharge. However, if abstractions and replenishment are from the same urban area, aquifer demand could instead be reduced directly by harvesting urban stormwater at the rainfall source rather than continuing to extract at the same rate from the aquifer and attempting to compensate by infiltrating stormwater.
Therefore, maintaining near-natural flow volumes in streams and aquifers requires careful consideration of the water balance and of the state of the groundwater table and baseflow regime (Bhaskar and Welty 2012) , reinforcing the importance of minimizing the creation of directly connected impervious areas as a 'first-resort' strategy wherever possible. Infiltration to provide an appropriate baseflow regime is important, but given the excess volume from impervious areas, SCMs also will need to promote losses of water, either through evapotranspiration (e.g., rain gardens, stormwater harvesting for irrigation or cooling processes) or through harvesting for other uses where it is exported to sanitary sewers (e.g., use for toilet flushing and hot water).
The long-term increase in runoff volume addressed by this principle is not a direct stressor driving ecological degradation in streams. However, we posit that removing the excess runoff volume and preventing it from reaching the stream is necessary to mitigate the critical stressors that do result and that are addressed in the following 2 principles.
Principle 3. SCMs should be designed to deliver flows in a quality and flow regime that mimic, as much as possible, the dominant predevelopment hydrologic processes Consistent with the natural flow regime concept proposed by Poff et al. (1997) , we posit that the best chance of protecting or restoring stream ecosystem health (sensu Karr 1999) is through flow and water-quality regimes that are as similar as possible to the natural or predevelopment regime.
Delivery of near-natural low-flow regimes may be complicated by the number and complexity (and thus, relative uncertainty) of factors influencing baseflow pathways (Price 2011 , Hamel et al. 2013 , Bhaskar et al. 2016 . (We follow the distinction made by Hamel et al. 2013 , whereby the term 'low flow' refers to flow magnitude, whereas 'base flow' refers to the [subsurface] pathways by which flows make it to the stream.) Factors other than urban stormwater runoff, such as changes to catchment vegetation and leaking water-supply and wastewater infrastructure, may increase base flows in many urban catchments (Smakhtin 2001 , Price 2011 , Bhaskar et al. 2016 , but the contribution of rainfall that falls on conventionally drained impervious surfaces to base flow is certainly reduced or eliminated altogether by prevention of infiltration by impervious surfaces and drainage . These interacting factors can produce variable outcomes in different urban areas (Konrad and Booth 2005, Brown et al. 2009a ).
Once the frequency of untreated runoff has been limited to near predevelopment levels (see principle 4), SCMs should be designed to deliver the volume and temporal pattern of flows that mimic what would formerly have been delivered as base flow from the land now covered by impervious surfaces. The most obvious approach to achieve this goal is to promote infiltration of a similar amount of water as would have been infiltrated in the predeveloped state (principle 2), acknowledging the uncertainty over the pathways and losses of infiltrated flows as they move into groundwater and to the receiving stream (Hamel et al. 2013 ). An alternative approach is to use carefully engineered systems that aim to mimic natural baseflow regimes by means of controlled discharge (Hatt et al. 2009 ). For example, DeBusk et al. (2011) suggest that lined bioretention systems have the potential to achieve near-natural baseflow regimes.
Water quality must be considered in parallel with the delivery of suitable flow regimes. Doing so requires consideration of the nature of the receiving waters. For instance, do they have a large buffering capacity (and, thus, are primarily affected by long-term loads) or are they sensitive to short-term variations in concentration? Of the range of SCMs available, bioretention systems perhaps show the greatest promise for delivering water quality that meets the needs of sensitive receiving waters (Hatt et al. 2009 ). Other infiltration-based techniques also can deliver very high levels of treatment because of the long filtration pathways. Optimal management of water quality probably will involve a combination of source controls and appropriate treatment by welldesigned SCMs.
Principle 4. SCMs should be designed to prevent untreated flows to streams in all but rare, large storms. They should have capacity to store rain from events up to the size of a storm that probably would have produced widespread surface runoff and disturbed stream biota in the predevelopment state
In natural catchments, rainfall up to the size necessary to generate measurable runoff (typically, a substantial majority of rainfall events) is unlikely to cause any significant disturbance through increased stream discharges. Only large or intense storms will be sufficient to exceed the 'initial loss' (the amount of rainfall necessary to generate surface runoff) from large portions of catchments, and even then, overland flow from uplands is likely to be reabsorbed into patches of greater soil porosity downslope before reaching the stream (Tanaka et al. 1988) . Such infrequent storms are likely to represent an important natural disturbance to stream and riparian ecosystems.
In contrast, connected impervious surfaces typically deliver high flows carrying a range of pollutants under almost any amount of measurable precipitation (with initial loss typically <1 mm) and at least an order of magnitude more frequently than in the natural state (Booth 1991) . This increased disturbance frequency is the cause of many of the stressors driving urban stream degradation.
Thus, retaining runoff from impervious surfaces for rainfalls smaller than those that would have generated widespread overland flow in the predeveloped catchment is key to maintaining near-natural frequency and intensity of disturbance (both hydraulic and water quality) in streams. The rainfall necessary to produce runoff varies across a natural catchment and with season and antecedent soil moisture, but analysis of stream hydrographs in natural catchments can identify typical rainfall depths required to generate widespread runoff. For example, in forested catchments in southeastern Australia, Hill et al. (1996) frequently observed initial loss of ∼25 mm. Similar hillslope initial losses were reported from a forest in New Zealand (Graham et al. 2010 ). Regional estimates could be derived from analysis of streamflow records in natural catchments, as proposed by Burns et al. (2013) .
Principle 5. SCMs should be applied to all impervious surfaces in the catchment of the target stream
The negative effects of urban stormwater runoff on streams are discernible even at very low levels of connected imperviousness (Walsh and Kunapo 2009 , King and Baker 2011 , Walsh and Webb 2016 . Many governmental agencies have sought to distribute SCMs opportunistically (driven, e.g., by urban renewal or maintenance activities) throughout their jurisdiction, with the aims of minimizing costs and ensuring geographic equity among landowners and communities (e.g., Prosser et al. 2015) . However, an inevitable result of such strategies is the continuing dominance of conventional stormwater drainage in most catchments, with SCMs treating runoff from only a portion of impervious surfaces. The incomplete treatment may, in part, explain the lack of ecological response observed in studies designed to test the ecological efficacy of SCMs (Horner et al. 2001 , May and Horner 2002 , Roy et al. 2014 .
SCMs should be designed and placed such that runoff from all impervious areas of the catchment is managed in a manner consistent with the above principles. Principle 5 highlights the importance of scale in protecting streams from urban stormwater effects. From one perspective, this principle might appear implicit in the preceding principles, which are designed to achieve a flow and water-quality regime in the receiving stream similar to that of the predevelopment stream. However, principles 2 to 4 provide guidance on design objectives for SCMs that could be constructed at a range of scales. We argue here that effective implementation of these principles requires catchment-wide application upslope of the receiving stream. Thus in almost all catchments, multiple SCMs will be required to retain and treat runoff from all impervious surfaces adequately.
CHALLENGES FOR APPLYING THE PRINCIPLES
We propose these principles as necessary to maximize the chance of protecting or restoring the ecological structure and function of streams in urbanizing catchments (Paul and Meyer 2001, Walsh et al. 2005) . Our principles are intended to articulate ideal management of urban stormwater for full protection of stream ecosystems, recognizing that challenges to implementation must be overcome (Roy et al. 2008) . Such a statement of ideal principles is aimed at encouraging innovation rather than accepting existing impediments and proposing suboptimal objectives that increase the risk of ecological degradation.
In this section, we identify a number of technical, social, institutional, and governance challenges to the implementation of our principles (Table 1) . We discuss probable stream ecosystem responses if certain elements of the principles are not achievable and address how these responses are likely to differ with physiographic context.
Insufficient opportunities for volume reduction
Arguably the greatest challenge to applying our principles for stream protection is finding ways to lose (i.e., prevent from becoming stream flow) the excess volume of water generated by reduced evapotranspiration. For instance, in Melbourne, Australia, the excess volume of urban stormwater runoff equates to between 57% of the total demand per person in the driest part of the city (400 mm/y rainfall) to 147% in the wettest part (1200 mm/y) ). Thus, finding sufficient demand for the excess urban stormwater in the context of existing water supplies is challenging from the outset. Other cities of the world with rainfall in a similar range are likely to produce similar volumes of excess runoff. However, perhaps counterintuitively, finding demand may prove easier in more densely populated cities, where the impervious area to person ratio is smaller.
Some stormwater runoff can be lost to evapotranspiration by irrigating vegetation with stormwater or through vegetated infiltration systems. However, the area required to lose the entire excess volume through evapotranspiration is likely to be prohibitive in most urban settings (Hamel et al. 2011 (Hamel et al. , 2012 . Water loss solutions require storage of the water, whether it be in the soil, in infiltration systems, or in tanks. However, if sufficient demand (that does not vary seasonally) can be found, then these storage volumes, and the required land-take for them, can be small , Walsh et al. 2014 .
Technologies for harvesting stormwater are welldeveloped and applied in many parts of the world . However, the problem of finding sufficient demand remains and is amplified by the widespread disinterest or resistance of water authorities to using urban stormwater as a water source. Such barriers to finding demand make principle 2 difficult to achieve under current institutional and governance frameworks because of insufficient opportunities to reduce volumes of runoff reaching the stream.
Challenges to using infiltration and filtration technologies to address water quality and quantity Infiltration and filtration tools (e.g., biofiltration swales, infiltration trenches, rain gardens) are commonly used to address stormwater quantity and quality issues simultaneously (e.g., Perrin et al. 2009 , California Central Coast Regional Water Quality Control Board 2013 . Even if inflow volumes into such systems can be adequately reduced, design challenges remain for delivery of appropriate flow regimes. Bioretention systems with controlled discharge show potential (DeBusk et al. 2011 ), but practical difficulties exist in providing enough storage to mimic the long detention times of natural baseflow processes while also mimicking the quicker throughflow that occurs in the upper soil horizon (Hamel et al. 2013) . One possible strategy to help overcome these challenges is to preserve upland flow paths, which could, in the urban context, act to receive, convey, and buffer contributions from upstream SCMs.
Infiltration and filtration systems are effective at removing many pollutants, but current infiltration technologies do not adequately treat several mobile contaminants, such as Cl -and certain classes of pesticides, which are not removed by settling or soil attenuation. Inadequate pollutant removal can result in contamination of surface waters and even shallow groundwater (Weiss et al. 2008 , Foulquier et al. 2009 ). Road salt, a commonly used de-icing agent in cold climates, can increase the mobility of metals (Environment Canada and Health Canada 2001) in SCMs. Moreover, road salt can impair pollutant removal in SCMs by decreasing the functioning of vegetation and soil microbes (Environment Canada and Health Canada 2001) .
Simple design solutions, such as using salt-tolerant plant species, situating SCMs to avoid hotspots (Toronto and Region Conservation Authority and Credit Valley Conservation Authority 2010), and sizing SCMs to meet performance objectives that take account of seasonal variations in climate and performance (Roseen et al. 2009 ), can be implemented to maintain much of the functionality of SCMs. However, these strategies do not address mobile urban contaminants, for which source control (i.e., restricted availability and use) or, less desirably, specialized filtration is necessary.
Extreme variations in water quality and quantity also can pose difficulties when designing SCMs. Extreme flow events are critical for certain channel-forming processes, but contaminants associated with high flows in urban areas are an important source of stream impairment. The treatment of snowmelt is particularly difficult, given that the amount of snow and timing of spring melt is tempo-rally and spatially unpredictable. Spring melt is associated with elevated levels of contaminants, such as metals and road salt, that have been stored in snow packs. Rapid release of accumulated contaminants in the snow pack during melting creates stresses to streams that may not otherwise be present in nonurban environments.
In cases where stormwater volume cannot be adequately reduced, infiltration-based SCMs may result in elevated water tables (Hamel et al. 2013 , Liu et al. 2013 , which may, in some cases, mobilize legacy pollutants already in the ground water, transporting them toward receiving surface waters (Roy and Bickerton 2012) . Increased infiltration flows, particularly when compounded with other water sources (such as water imports and leaky infrastructure) or forest loss and associated reduced evapotranspiration, may result in increased base flows (Price 2011 , Hamel et al. 2013 , Bhaskar et al. 2016 ). This increase in base flows can result in naturally intermittent and ephemeral streams becoming perennial (Roy et al. 2009 ), which, in turn, can increase species richness (Chadwick et al. 2012) . However, any such alteration of biotic communities in previously intermittent streams is likely to have deleterious effects on regional native biodiversity, particularly in arid regions with intermittent rivers harboring assemblages specifically adapted to frequent drying (Cooper et al. 2012 , Steward et al. 2012 .
Thus, infiltration SCMs have the potential to reduce effects of urbanization on receiving waters, but their design must consider the local physiographic context and climate, and they must be used in conjunction with other SCMs and pollution-mitigating tools to provide the water quality and flow regimes necessary for protection of streams and their native biota.
Social, economic, institutional, and governance constraints
Some technical challenges to the achievement of our principles remain, but the dominant impediments to adoption of the principles are social and institutional (Brown and Farrelly 2009) . Urban stormwater governance can be difficult for a variety of reasons, including resistance to change, limited funding, outdated or nonexistent policy, lack of political leadership, and limited regulatory incentives (Brown 2005 , Roy et al. 2008 ). Design and implementation approaches become entrenched in organizations because of their known feasibility and costs. This limits opportunities for innovative technologies to be used, particularly if organizations are risk averse (Burns et al. 2015b) . Legislative requirements often define what stormwater solutions are permitted and, therefore, can constrain innovation. For example, lack of national guidance in the USA on at-source harvesting has resulted in some locally restrictive codes that discourage indoor use of harvested water (Findlay 2008) .
The development process in most cities is a complex web of transportation, drainage, environmental, and building codes that all have entrenched means and methods frequently at odds with each other. All stakeholders in the process are in competition for space and money, so establishing stormwater practices that increase cost or space requirements are unlikely to succeed without strong public support for the protection of stream ecosystems or strong regulatory mandates. Perceptions of the ecological values and services provided by neighborhood streams can be variable, but acceptance and appreciation can be improved through engagement and education programs (Wagner 2008, Bos and Brown 2015) . Perceptions of SCMs as human-health risks, either through exposure to contaminated water or as attractants for pests, such as mosquitoes, are driven largely by the way SCMs and their risks are framed cognitively (Mankad et al. 2012) . Our principles potentially reframe SCMs by de-emphasizing large, end-ofpipe systems, such as constructed wetlands, which do present certain risks (Jackson et al. 2009 ), and placing greater emphasis on smaller-scale infiltration and harvesting systems. These small-scale systems also present risks-e.g., exposure to contaminants through use of stormwater directly or for agriculture-but they are likely to be low and easily managed (e.g., Heyworth et al. 2006 , Tom et al. 2013 .
The required widespread, strategic implementation of SCMs across catchments as outlined in principle 5 brings with it specific challenges. Such implementation will require collaboration and a shared commitment across multiple levels of government Brown 2010, Bos and , widespread community engagement (including active participation of property owners in implementation of SCMs on their property; Bos and Brown 2015) , the combination of retrofit activities and proactive planning to ensure future development effects are mitigated (Prosser et al. 2015) , and a commitment to long-term programs because the level of implementation necessary to see tangible ecological responses probably will take several years.
From institutional and governance perspectives, perceptions that stormwater management for stream protection will lead to increased costs (of construction and maintenance) and increased taking of land (National Research Council 2009 , Burns et al. 2015b ) are primary barriers to reform. Stormwater management approaches suggested in the principles are potentially costly if considered in isolation from the benefits they provide (e.g., provision of alternate water supplies, flood mitigation, avoidance of channel restoration works), and the potential cost can lead to major opposition. However, any debate over the costs of such approaches should recognize and, where possible, quantify the environmental costs (through the lack of environmen-tal services and the cost of rehabilitation works) of not implementing effective stormwater management. Our principles potentially inform such a discussion. First, land-take for harvesting systems is reduced with increasing demand, and volume reduction, in turn, reduces the size required for infiltration systems (Walsh et al. 2014) . Second, dispersed SCMs designed to meet our principles can provide a range of co-benefits (discussed below), which mean that cost of and space for SCMs that protect streams can be shared with other benefits.
OPPORTUNITIES FOR CO-BENEFITS WHEN APPLYING THE PRINCIPLES
Many approaches to managing urban stormwater runoff can protect streams while providing co-benefits to the human community , and a number of investigators have considered the multiple benefits of integrated urban water management (e.g., Jayasooriya and Ng 2014). However, by shifting the focus of SCMs to smaller scales (at or near source) and increasing the emphasis on harvesting, our principles provide co-benefits that have arguably been underemphasized in cost-benefit analyses to date (Table 1) . Full consideration of such cobenefits could shift the economic balance and favor stormwater management approaches that protect streams.
Water supply
Eighty percent of the global population lives in countries where water security is threatened (Vörösmarty et al. 2010) . Urban stormwater has great potential to reduce these threats through augmentation of urban water supplies. This potential should grow in concert with world population, as new impervious surfaces produce additional excess stormwater runoff that should be captured and used. Urban stormwater already is widely used for irrigation of gardens and open spaces and for nonpotable uses, such as laundry and toilet flushing . Such approaches are capable of substantially reducing potable demand in cities, but larger demands are typically required to reduce volumes for stream protection adequately (Walsh et al. 2014) . Such demands could be achieved, and potable demand reduced even more substantially in many urban contexts, if harvested stormwater could be treated to a potable standard and incorporated into the potable water supply (Wong et al. 2012) . In short, urban stormwater runoff presents a hitherto undervalued water supply opportunity that could simultaneously provide a service to the human population and to receiving water ecosystems ).
Flood mitigation
Stormwater-related flooding can be a major problem in urban catchments. In conventional stormwater management approaches, such flooding is commonly alleviated (and potentially mitigated) by increasing the size of stormwater infrastructure, such as detention basins, where runoff is temporarily stored and released at rates that approximate the capacity of downstream stormwater pipes. These flow rates often exceed channel erosion thresholds (McCuen 1979) and, thereby, aggravate negative effects of urban stormwater on streams. Recent research suggests that the small-scale application of SCMs is a viable, alternative flood management approach. Indeed, Burns et al. (2015a) predicted that the extensive application of rainwater tanks and infiltration trenches in a small urban catchment could mitigate stormwater-related flooding even for relatively infrequent storms (20-y annual recurrence interval). At small spatial scales (e.g., <1 ha), these events tend to be short in duration and depth and could be retained by SCMs that meet our principles for stream protection. For example in Melbourne, Australia, most rain falls in discrete events (separated by dry periods) where the depth of rainfall is less than 25 mm (Bureau of Meteorology 2015), similar in size to storms considered in principle 3. Future work is required to test the effects of SCMs on large-scale floods, but their potential for mitigating localized flood hazards is clear. SCMs that reduce flood risk also may reduce erosion and maintain downstream channels, promoting connectivity between stream riparian zones and floodplains (important processes for stream protection, as per principle 1) .
Terrestrial biodiversity
In addition to their utility for flow management and urban stream restoration, SCMs can increase terrestrial biodiversity in urban environments. SCMs affect biodiversity directly by mimicking lost habitat and providing refugia for rare species (Kadas 2006 , Dearborn and Kark 2010 , Madre et al. 2014 or indirectly by serving as biological 'stepping stones' that increase connectivity between fragmented regions of natural habitat (Goddard et al. 2009 , Braaker et al. 2014 , Briers 2014 . Green roofs, which can be useful stormwater control measures, particularly when coupled with harvesting and infiltration technologies (e.g., Hilten et al. 2008) , provide some of the best evidence for biodiversity co-benefits of SCMs. High insect diversity has been reported on green roofs (Oberndorfer et al. 2007 ). Green roofs may also be particularly useful for reestablishing shallow soil habitat, such as rock pavements, scree slopes, and cliff faces, in temperate climates. These habitats are: 1) hotspots of plant diversity and endemism, and 2) likely to persist well in harsh rooftop conditions, which include high winds, extreme temperatures, intense solar radiation, and moisture stress (Oberndorfer et al. 2007) . Given the utility of native gardens and streetscapes for promoting connectivity (particularly of birds; White et al. 2005) , distributed, vegetated SCM measures, such as rain gardens and green spaces that are well irrigated by har-vested stormwater, are likely to confer similar benefits in urban environs.
Urban cooling
Mimicking predevelopment flows requires loss of large volumes of stormwater from the catchment (see principle 2). Some of this excess could be used to irrigate parks, gardens, and street trees, thereby enhancing green spaces of cities. Infiltration systems also have the potential to serve as well-irrigated gardens themselves. Collectively, these actions can lower summer temperatures and improve thermal comfort through replenishment of soil moisture and maintenance of tree health, resulting in increased evapotranspiration, provision of shade, and surface cooling (Coutts et al. 2013 ). The potential human health outcomes associated with urban cooling are substantial (M. , M. E. Loughnan et al. 2010 ).
Resilience to climate change
Climate change is likely to reduce precipitation, and therefore runoff, in many parts of the world (Arnell 1999) . Reductions in runoff volumes from pervious catchments will be greater than reductions in volumes of runoff from impervious surfaces. Thus, urban stormwater runoff should be a more reliable source of water in response to long-term changes in rainfall patterns. Furthermore, the diverse, deeper rooted perennial plant communities that are possible with well-irrigated urban green spaces may also exhibit increased resistance, as they are buffered from the vagaries of our ever harsher climate.
Urban agriculture
Well-irrigated gardens planted with native and ornamental species may attract more pollinators, potentially improving productivity of small-scale urban agriculture. Rain gardens themselves have the potential of being productive sources of agriculture, in addition to their function as SCMs (Tom et al. 2013 ).
Human well-being
In addition to green spaces providing direct health benefits (van den Berg et al. 2010) , the increased biodiversity afforded by retaining more water in the urban landscape (for irrigation and in SCMs) may also be important psychologically for city dwellers. Plant and bird biodiversity is positively correlated with measures of human well-being, such as reflection (ability to think and gain perspective), attachment (emotional ties to a greenspace), and distinct identity (feeling unique because of association with a greenspace) (Fuller et al. 2007 ). This evidence suggests that the biodiversity benefits of green stormwater infrastructure have the potential to be far reaching and to enhance urban quality of life as well as local species preservation, habitat connectivity, and ecosystem services.
CONCLUSION
Our primary purpose in this paper is to articulate how urban land and water should be managed to maximize the chances of providing cities and their inhabitants with healthy streams that supporting ecological structure and function and provide ecosystem services that are otherwise degraded by conventional urban stormwater drainage. Our interest in outcomes is focused on the stream, but almost all of our principles focus on the catchment because that is where the problem is generated and, thus, where its solutions must lie. The manifold stressors arising from urban stormwater runoff originate on every roof, road, and car park of our cities, and the most effective way to mitigate them is through appropriately designed SCMs situated near those sources.
Technical challenges remain that require innovative solutions, particularly with regard to infiltration systems that can adequately mimic the water quality and hydrologic processes of predevelopment catchments. Secondary challenges (and opportunities) are presented by design innovations that maximize multiple societal benefits, including stream protection. Unfortunately SCMs increasingly are being implemented primarily for those other benefits, such as the reduction in energy demand provided by green roofs, without a primary concern on their effect on downstream waters (e.g., Glasgow's sustainable construction strategy, discussed by Jones and Macdonald 2007) . We argue that SCMs should not be implemented for co-benefits without coincident evaluation of their probable effects on downstream waters. Thus, our principles are presented with the aim of refocusing the design and implementation of SCMs on stream protection, while acknowledging that co-benefits may help overcome implementation barriers.
However, the largest challenges in achieving such an outcome are social and political. Thus, the greatest need for innovation lies in the realms of governance, economics, and social engagement. Such innovation requires clear articulation of the values of healthy stream ecosystems and the management actions that will be required to achieve them. We propose our stormwater management principles in such a spirit. 
